Substitution of lanthanum by strontium (Sr) on the A-site of cobalt-containing perovskites can greatly promote oxygen surface exchange kinetics at elevated temperatures. Little is known about the effect of A-site substitution on the oxygen electrocatalysis of Ruddlesden-Popper (RP) oxides. In this study, we report, for the first time, the growth and oxygen surface exchange kinetics of La 2-x Sr x NiO 4±δ (LSNO, 0.0 ≤ x Sr ≤ 1.0) thin films grown on the (001) 
Introduction
Perovskites (ABO 3 ) with high electronic and ionic conductivity and catalytic characteristics [1] [2] [3] have been studied intensively for solid oxide fuel cells (SOFCs) 1, 4-14 and oxygen permeation membranes 15 at high temperatures. A major barrier that limits the efficiency of SOFCs and oxygen permeation flux is the slow kinetics of oxygen surface exchange on the oxide surface. Mixed electronic and ionic conductors (MEICs) such as La 1-x Sr x CoO 3-δ (LSC) [16] [17] [18] [19] [20] [21] [22] and La 1-x Sr x Co 1-y Fe y O 3-δ (LSCF) [23] [24] [25] [26] are used commonly to promote the oxygen surface exchange kinetics, where the substitution of strontium (Sr) for lanthanum (La) in the A-site increases the surface exchange rates. 27, 28 Ruddlesden-Popper (RP) oxides such as La 2 NiO 4+δ (LNO) can lead to higher oxygen ionic conductivity relative to ABO 3 perovskites [29] [30] [31] [32] and are interesting alternative cathode materials for SOFCs. The RP structure can be described as the intergrowth of alternative NiO 2 and La 2 O 2 rock salt layers or layers of LNO separated by LaO layers (Fig. 1) , having in-plane lattice parameters similar to that of perovskites in the pseudocubic notation. The oxygen stoichiometric La 2 NiO 4 can be easily oxidized with additional interstitial oxygen incorporated into lanthanum tetrahedra in the La 2 O 2 rock salt layer, which results in increasing the La-O bond distance and in decreasing the nickel ionic radius by the formation of Ni 3+ . 33, 34 The alternating perovskite and rock salt layers in the RP structure can lead to different oxygen diffusion and surface exchange kinetics along different crystallographic directions. For example, the in-plane oxygen transport kinetics via interstitial oxygen diffusion in the LaO planes is considerably higher by up to two orders of magnitude compared to the out-of-plane kinetics 31 and the surface exchange kinetics in-plane can be an order of magnitude greater than that out-of-plane for LNO single crystals. 35 By substituting of a larger cation such as Sr 2+ (1.31 Å) for La 3+ (1.22 Å) in LNO, the structural stresses are released, which leads to decrease in the amount of additional oxygen required to stabilize the structure and thus results in the reduction of the oxygen diffusion coefficients. 36, 37 However, the influence of Sr substitution on the in-plane and out-of-plane oxygen surface exchange kinetics of La 2-x Sr x NiO 4±δ (LSNO) is poorly understood due to difficulties in the growth of single crystals of LSNO with high Sr substitution. 40 Few studies have reported the oxygen surface exchange kinetics of polycrystalline LSNO with low Sr substitution (x Sr = 0.1 and 0.2). [37] [38] [39] Skinner et al. 37 have shown no clear effect of the Sr substitution (x Sr = 0.1) on the surface exchange kinetics whereas Boehm et al. 39 have reported that the Sr substitution (x Sr = 0.1 and 0.2) can decrease the surface exchange kinetics. Synthesis of oriented RP films 41 grown on single-crystal substrates has enabled the studies of the oxygen surface exchange kinetics. For instance, employing out-of-plane-oriented LNO thin films grown on the (001) cubic -SrTiO 3 (STO) and (110) cubic -NbGaO 3 (NGO) substrates, Burriel et al. 31 have
shown using secondary ion mass spectroscopy (SIMS) measurements that the in-plane oxygen surface exchange kinetics can be much greater than the out-of-plane kinetics, which is in agreement with measurements on single crystal LNO. 35 More recently, we have shown that the 7 from the orthorhombic by the loss of the octahedral tilting (≤ 1˚) 44 and the tetragonal symmetry is generally used to describe the system in thin film studies. 42 The in-plane a tetra. parameter of LSNO normal to the film surface was determined from the (200) tetra. peak positions and the outof-plane c tetra. parameter of the LSNO thin films with x Sr = 0 and 0.2 was determined from the off-normal (103) tetra. peak position. For the LSNO thin films with x Sr = 0.4, 0.6, 0.8, and 1.0, the in-plane a tetra. parameter and the out-of-plane c tetra. parameter were determined from the offnormal (103) tetra. , and (006) tetra. peak positions, respectively.
Atomic Force Microscopy (AFM)
The surface morphology was examined by optical microscopy (Carl Zeiss, Germany) and atomic force microscopy (AFM) (Veeco, USA). The RMS (root-mean-square) roughness value of LSNO with x Sr = 0.0 and 1.0 was found to show about 0.3 nm while that of LSNO with x Sr = 0.2, 0.4, 0.6, and 0.8 was found to show about 0.6 nm as shown in Fig. S5 .
Electrochemical impedance spectroscopy (EIS)
In situ electrochemical impedance spectroscopy (EIS) measurements of LSNO microelectrodes ~200 µm in diameter were performed using a microprobe station (Karl Süss, Germany)
connected to a frequency response analyzer (Solartron 1260, USA) and dielectric interface (Solartron 1296, USA). Temperature was controlled at 550 °C using a heating stage (Linkam TS1500, UK) and data were collected between 1 MHz to 1 mHz using a voltage amplitude of 10 mV. EIS testing temperature was calibrated with a thermocouple contacting the thin film surface EIS data were analyzed using an equivalent circuit (Fig. S7b) , where the high-frequency intercept corresponds to the oxygen ion conduction resistance in YSZ and the mid-frequency feature is believed to result from the interface between YSZ and GDC as reported previously. 17, 19, 42 Considering the fact that the film thicknesses are much smaller than the critical thickness, 
Results and discussion

Structural reorientation of the LSNO thin films with increasing Sr content
Normal HRXRD data in Fig. 2a clearly showed a structural reorientation of LSNO thin films as a function of Sr content (Fig. 2a) . The LNO film (x Sr = 0.0) was found to have the (l00) tetra. (l is even) peaks only and the (00l) cubic (l is even) peaks of GDC and YSZ, which indicates that the LNO film grew epitaxially with the a tetra. -axis perpendicular to the film surface.
With x Sr in LSNO equal to and greater than 0.2, the films were found to exhibit not only (l00) tetra.
(l is even) but also (00l) tetra. (l is even) peaks, indicating the presence of both domains with the a tetra. -axis and c tetra. -axis perpendicular to the film surface. The intensities of LSNO (00l) tetra.
peaks were found to increase with increasing Sr content in LSNO while those of the (l00) tetra.
peaks decreased, where the intensity ratio between the (200) in LSNO, the (l00) tetra. and (00l) tetra. interplanar distances of LSNO were shifted towards higher diffraction angles with increasing Sr (Fig. S3b) .
The relaxed lattice parameters â tetra. and ĉ tetra. of LSNO thin films at room temperature were found to be in the range of 3.81 -3.91 Å and 12.44 -12.72 Å, respectively. Details of the lattice parameters are provided in the ESI. Interestingly, the relaxed lattice â tetra. parameter was found to decrease with the Sr content for 0.0 ≤ x Sr ≤ 0.6 while it slightly increased with increasing Sr for x Sr > 0.6. In contrast, the relaxed lattice ĉ tetra. parameter was found to exhibit the opposite trend, which results in a maximum in the c tetra. /a tetra. ratio (tetragonality) at x Sr = 0.6, as shown in Fig. S1 . As described for bulk LSNO, 46 the decrease of the in-plane parameters (a tetra.
and b tetra. ) is due to the oxidation of nickel and the increase of the out-of-plane c tetra. parameter is correlated with the replacement of La 3+ by Sr 2+ . For x Sr > 0.6, the opposite trend is observed, which has been explained by Jahn-Teller distortion.
45
The change in the orientation of LSNO films with increasing Sr can be explained by the difference in the surface energy of in-plane and out-of-plane atomic terminations in the RP structure. 41, 56, 57 As shown in Fig. 3a , the calculated surface energies (details of the DFT modeling are provided in the ESI) of LSNO (100) tetra. and (001) tetra. planes were found to be strongly dependent on the Sr content, where the surface energy of (100) tetra. plane was found to decrease while that of the (001) tetra. plane increased with increasing Sr content in LSNO. 57 It is interesting to note that the strain energies of the LSNO thin films were found to be significantly lower than the surface energy (Fig. 3a , details of strain energy calculation are provided in the ESI), which suggests that the strain energy in LSNO is not strongly correlated with the structure reorientation of LSNO thin films. Furthermore, the lattice mismatch between LSNO and GDC, YSZ was found to be independent of the Sr content (Table S1 ), which further suggests that the structure reorientation is not a result of the film strain. Therefore, the film reorientation can be attributed to the reduction of the surface energy of LSNO films. 
Proposed origin for the oxygen surface exchange kinetics of LSNO as a function of the Sr content
The volume specific capacitances (VSCs) extracted from EIS data of the LSNO thin films (details are provided in the ESI), corresponding to the change in the oxygen nonstoichiometry (δ)
induced by the change in the electrical potential, are in good agreement with the δ trend of the bulk LSNO, 59 as shown in Fig. 4d . However, the VSCs of the LSNO thin films with 0.4 ≤ x Sr ≤ 1.0 were found to be independent on the p(O 2 ), whereas the k q values of the LSNO thin films were found to increase with increasing the p(O 2 ) as expected (Fig. 4c) . Previously, we reported that the δ of the LSC thin films might not control the oxygen surface exchange kinetics. 17 Moreover, it has been reported that the diffusion coefficients (D * ), which can be influenced by the oxygen content in the LNO thin films have no correlation with the surface exchange coefficients (k * ). 31 Therefore, the change in the oxygen content induced by the Sr content in the LSNO thin films cannot contribute to the modification in the k q values observed.
To investigate the change in the surface chemistry of the LSNO thin films as a function of the Sr content, ex situ AES was conducted on the LSNO thin films after annealing at 550 °C in an oxygen partial pressure of 1 atm. Fig. 6 shows the surface La MNN , Sr LMM , and Ni LMM cations spectra of each film. The intensity of La cation spectra was found to decrease with increasing the Sr content (Fig. 6a) , whereas the intensity of Sr cation spectra was found to increase (Fig. 6b) , as expected from the nominal composition. This clearly indicates that the surface chemistry is representative of the surface cationic ratio targeted. It should be noted that the intensity of Ni cation spectra was found to increase with increasing the Sr content, as shown in Fig. 6c . In the case of c tetra. -axis-oriented LSNO thin film with x Sr = 1.0, the (001) tetra. planes have more NiO 6 octahedra by surface area relative to the (100) tetra. planes. The relative sensitivity factor (RSF) of Ni (RSF: 0.277) is sensitively higher than that of La (RSF: 0.059) and Sr (RSF:
0.027). The intensity of Ni cation spectra can therefore be attributed to the thin film reorientation from the (100) tetra. to the (001) tetra. orientation, as observed by HRXRD. Furthermore, no spectral changes were observed for any of the cation Auger lines as a function of the Sr content, suggesting that no formation of secondary phases occurred across the range of Sr content. This was further confirmed by scanning electron microscopy (SEM) (Fig. S6) , where the surface morphology of each film was found to be stable after annealing.
The surface exchange kinetics is highly anisotropic in the RP structure. 31, 56 Burriel et al. 31 have shown from secondary ion mass spectroscopy (SIMS) measurements that the oxygen surface exchange kinetics in the (100) tetra. plane is two orders of magnitude greater than that along the (001) tetra. plane in LNO thin films. The difference can be attributed to the fact that the exposed interstitial sites of the (100) tetra. surfaces provide active sites for the oxygen surface exchange and incorporation, whereas the (001) tetra. planes have no interstitial oxygen sites due to the perovskite layers, blocking interstitial site oxygen incorporation, as shown in Fig 1. Kim et al. 56 have also reported using electrical conductivity relaxation (ECR) measurement in LNO thin films that the surface exchange kinetics in the (001) tetra. plane is two orders of magnitude slower than that in the (100) tetra. plane, which also supports the influence of anisotropy on the surface exchange kinetics in the RP structure. Therefore, the decrease of the observed k q values of the LSNO thin films as a function of the Sr content can be partly attributed to the orientation effect, as shown in Fig. 5 .
Surface exchange kinetics of the RP structure can also be influenced by the oxygen adsorption energy. 60 The weaker adsorption (the less negative adsorption energy) was found to In a three dimensional linear elastic solid with loads supplied by external forces, the strain energy density over entire volume can be expressed by the equation below. 9, 10 U (strain energy density, J m
Huang et al. 11 have reported that E (young's modulus) of LNO is ~ 155 GPa at room temperature and ν = 0.3 2-4, 6-8 was used in this study. Then, we can determine the strain energy density for LSNO with 0.0 ≤ x Sr ≤ 1.0.
Microelectrodes Fabrication.
In situ electrochemical impedance spectroscopy (EIS) measurements were conducted to probe ORR activity on geometrically well-defined LNO microelectrodes fabricated by photolithography and acid etching, where sintered porous Pt sintered onto the backside of the YSZ substrate served as the counter electrode. OCG positive photoresist (Arch Chemical Co., USA) was applied on the LNO surface and patterned using a mask aligner (Karl Süss, Germany, λ = 365 nm). The photoresist was developed using Developer 934 1:1 (Arch Chemical Co., USA) and the thin films were etched in hydrochloric acid (HCl) to remove LNO film excess and create the circular microelectrodes (diameters ~50 µm, ~100 µm, ~150 µm, and ~200 µm, exact diameter determined by optical microscopy). Before electrochemical testing, microelectrode geometry and morphology was examined by optical microscopy (Carl Zeiss, Germany) and atomic force microscopy (AFM) (Veeco, USA). AFM , and its magnitude and activation energy (~1.15 eV) were comparable to those of oxygen ion conduction in YSZ reported previously. 16 The MF feature (10 3 -10 4 Hz), which was found to have a p(O 2 ) independent feature, was attributed to interfacial transport of oxygen ions between the LNO film and the GDC layer. In addition, the magnitude of its capacitance was relatively small (~10 -6 F) compared to the LF feature (~10 -3 F). The LF feature (10 -2 -10 3 Hz) was found to have a strong p(O 2 ) dependence. The resistance of the LF feature drastically increases as oxygen partial pressure decreases. In the case of thin film samples, the magnitude of capacitance is due to the oxygen content change in the films. Therefore, the electrode oxygen surface reaction corresponds with the LF feature. We obtained values for R ORR ; and knowing the area of the microelectrode (A electrode = 0.25 π d electrode 2 ) we can determine the ORR area specific resistance (ASR ORR = R ORR · A electrode ). The electrical surface exchange coefficient (k q ), which is comparable to k * , 17 was determined using the expression , 18, 19 
where R is the universal gas constant (8.314 J mol -1 K -1 ), T is the absolute temperature, F is the Faraday's constant (96,500 C mol -1 ), and c o is the lattice oxygen concentration in LSNO where
V m is the molar volume of LSNO at room temperature. In this study, c o was calculated with δ extracted from previous reported values. 20, 21 VSC, indicative of changes in the oxygen nonstoichiometry induced by changes in the electrical potential, can be obtained from EIS data via the expression
where Q is the non-ideal "capacitance", and n is the non-ideality factor of CPE. The fitted values of n for semi-circle CPE ORR were found to range from ~ 0.96 to 1.0 over the entire pO 2 range examined (n =1, ideal).
Experimental details of ex situ AES.
In AES, the obtained energy spectrum for a particular element is always situated on a large background (low signal-to-noise ratio), which arises from the vast number of so-called secondary electrons generated by a multitude of inelastic scattering processes. To obtain better sensitivity for detection of the elemental peak positions, the AES spectra from this study are presented in the differentiated form. Elemental nm, respectively. A relative depth-scaling factor (s) was determined as:
where λ i is the IMFP, yielding σ Ni = 0.58, σ Sr = 0.41, and σ La = 0.63. The intensities from different elements were scaled using I scaled = I measured *s i /S i .
Details of density functional theory (DFT) calculations.
Spin-polarized Density
Functional Theory (DFT) calculations were preformed with the Vienna Ab-initio Simulation Fully relaxed bulk LSNO (Sr content : x=0, 0.5, and 1) calculations are performed using the 2a tetra × 2a tetra × c tetra supercells with 3×3×2 kpoints. The Sr in the LSNO bulk is arranged to have the farthest Sr-Sr pair distance in the simulated supercells. Based on the LSNO bulk configurations, the LSNO (001) tetra. and (100) tetra. surface energy and surface oxygen adsorption energy are calculated using 2a tetra ×2 a tetra 9-layer (001) and 2a tetra × c tetra 6-layer (100) tetra. slabs in periodic boundary conditions with 10 Å vacuum between the two surfaces, as illustrated in Fig. S9 (the kpoints setups are: 3×3×1 kpoints for the 9-layer (001) tetra. slab and 1×3×2 kpoints for the 6-layer (100) tetra. slab).
The surface energies (E surf ) are then obtained using the equation below:
where E slab is the calculated total energy of LSNO slabs, E bulk is the calculated total energy of LSNO bulk normalized as per formula unit, N is the number of LSNO units in the slab, and A surf is the surface area of the simulated slabs.
Oxygen adsorption energies (E ads ) are calculated based on the following equation:
where E O-adsorbed-slab is the calculated total energy of LSNO slabs with a surface adsorbed oxygen at the adsorption site illustrated in Fig. S8 (c and d) , and E O2 is the calculated total energy of isolated O 2 molecule corrected with +0.33 eV/O, which is obtained by fitting to a series of binary oxide experimental formation enthalpies at room temperature. 29 Finally, we distinguished that the (100) tetra. orientation in this work is equivalent to the defined (110) tetra. orientation in the previous theoretical study done by Read et al. 30 Our calculated surface energy based on the (100) tetra. surface configuration suggested by Read et al. 30 (in Figure   1 (a) and Figure 3 of Ref. 30 ) at x Sr =0, 0.5, and 1 is found to be less stable (surface energy range between 0.09~0.10 eV/A 2 ) than the two main surfaces investigated in this work (between 0.06~0.08 eV/A 2 , see Fig. 3a of the main content), due to that the alternating O 2 (layer charge of -4) and A 2 BO 2 (layer charge of +4) layers give rise to polar instability. 31 Nonetheless, the relative surface stability of (110) significantly decreases with increasing the Sr content while those of (006) tetra. significantly increases, which suggests that once (00l) tetra. orientation growth begins, (l00) tetra. orientation growth is suppressed. (001) tetra. *slab*-*side*view* (100) tetra. *slab*-*side*view* Top*3*layers**of*the*(001) tetra. *slab*-*top*view* Top*3*layers**of*the*(100) tetra. *slab*-*top*view*
